INTRODUCTION
Intertidal salt marshes in estuarine systems are among the most productive ecosystems in the world. Much attention has been paid to the role of marsh vascular plants, i.e. as a food source for estuarine and offshore consumers, a habitat for estuarine organisms and a regulator of estuarine chemical cycles. However, their trophic role in supporting marsh/estuary food webs has been an ongoing subject of debate for several decades. Many reviews have addressed the importance of organic detritus, derived mainly from marsh vascular plants, as a food source for estuarine consumers (Nixon 1980 , Mann 1982 . This idea was first ABSTRACT: The trophic importance of different primary organic matter sources to macroinvertebrates was studied in the intertidal salt marsh (Scirpus triqueter) habitat of the Nakdong River estuary (Korea) using carbon and nitrogen stable isotope ratios. δ 13 C and δ 15 N values of primary producers and dominant invertebrates, along with their biomass or abundance, were monitored monthly from December 2004 to November 2005. S. triqueter flourished from spring to summer and vanished in late fall to winter. Biomass of microphytobenthos peaked in late spring to summer. Of 25 taxa of macrozoobenthos collected, 7 were found throughout the year. Despite a dramatic seasonal fluctuation in the marsh club-rush S. triqueter biomass, the expected seasonal change in the isotopic signatures of the 7 dominant macroinvertebrates was not found. A large gap (3.5 to 12.3 ‰) in the δ 13 C signature between S. triqueter (-27.9 ± 1.0 ‰) and the marsh-dwelling macroinvertebrates (means from -24.4 to -15.6 ‰) indicates little utilization of this marsh-derived organic matter by the animals. Surface grazers and deposit feeders (e.g. Hediste japonica, Heteromastus filiformis, Angustassiminea castanea, Ilyoplax pusilla and Paranthura sp.) had δ 13 C similar to δ 15 N and about 4 ‰ higher than those (-16.5 ± 2.1 and 8.7 ± 1.1 ‰, respectively) of microphytobenthos, revealing that mainly microphytobenthos-derived carbon contributed to their diets. Two suspension-feeding bivalves (e.g. Laternula marilina and Corbicula sp.) showed a similar δ 13 C to that of suspended particulate organic matter (POM) in the channel (-23.0 ± 0.7 ‰) and the Nakdong River (-24.5 ± 1.9 ‰). However, their δ 15 N values are about 4 ‰ higher than that of channel POM (5.7 ± 0.6 ‰), but lower compared to that of river POM (-11.6 ± 2.3 ‰), suggesting that organic matter derived from coastal phytoplankton, not river discharge, is a major nutritional source for these bivalves. Overall, our isotopic data suggest that the S. triqueter-marsh invertebrates are generally more dependent on organic matter derived from algal sources than on S. triqueter or terrestrial sources.
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Resale or republication not permitted without written consent of the publisher examined by gut analysis of lower-level consumers (Darnell 1961) . A number of early studies concluded that much of the organic detritus from salt marshes is used by marsh consumers and is transported out of the estuary to coastal regions (Teal 1962 , Odum 1980 . However, with the help of natural stable isotope techniques, subsequent research demonstrated that algae, such as benthic diatoms and phytoplankton, not marsh detritus, are the major source of organic matter supporting consumer production in salt marshes (Haines 1976 , Sullivan & Moncreiff 1990 , Page 1997 . On the other hand, recent studies using multiple stable isotopes showed that marsh detritus and phytoplankton are equally important to marsh and estuarine consumers (Peterson & Howard 1987 , Currin et al. 1995 . The conflicting results of these studies show large gaps in the understanding of estuarine ecologists concerning the trophic role of marsh plants and indicate that marsh systems are very complex.
Numerous studies into the role of salt marsh plants in the functioning of coastal systems have been conducted in salt marshes along North American Atlantic coasts dominated by Spartina alterniflora Loisel. The relative importance of primary production sources ultimately supporting marsh consumers vary with respect to the type of marsh macrophyte vegetation (Wainright et al. 2000) . Tidal regime can also be an important factor in determining the trophic role of salt marsh plants (Deegan & Garritt 1997) . For example, salt marshes in most European estuaries are confined to the uppermost part of the intertidal zone, where they are immersed only periodically by spring tides, whereas the North American marshes are immersed twice a day (see Créach et al. 1997) . The trophic role of salt marshes is still difficult to compare between these 2 systems, because of the different vegetation composition and flooding regime.
Here we address important components of primary producers that are utilized by macrozoobenthic consumers in a Korean Scirpus triqueter L. marsh ecosystem, where, as in the North America, the marshes are inundated twice a day. This marsh area is used as a habitat for wintering of migratory waterfowl, such as swans, geese and ducks, at the Nakdong River estuary (Kim 2006) . Growth of S. triqueter occurs from April to September. This vascular hydrophyte forms a tuber, which accounts for 44 to 57% of total biomass 10 to 30 cm below ground, from September to October. The tubers are utilized by the migrating waterfowl as winter food. After the arrival of waterfowl in mid-October, the tubers and total biomass of S. triqueter rapidly decrease. Only about 10% of the tubers exist in midDecember, so the waterfowl emigrate from the estuary due to the lack of food resources. As a result of this type of top-down control by the seasonal stopover of migrating waterfowl, as well as a fall to winter decline in biomass of triangular club-rush, the marsh bed remains an almost plant-free mudflat during the winter to early spring period. In the present study, we monitored the macrozoobenthos community, stable carbon and nitrogen isotope ratios of dominant macroconsumers and major potential organic matter sources for a year to test whether the trophic base of the marsh food web depends on the conspicuous seasonal variation in biomass of S. triqueter.
Sources of carbon and nitrogen used for consumer production in aquatic ecosystems are now commonly identified using stable C and N isotope analyses (Fry & Sherr 1984 , Michener & Shell 1994 ). This approach is based on the assumption that stable C and N isotope ratios (δ 13 C and δ 15 N) comprising the tissue of consumers reflects their food sources. When there is sufficient discrimination among different primary producers, isotope ratios of consumers indicate which food source is actually being used for tissue production. Biological fractionation between the isotopic ratios of the food source and that of the consumers appears to be small or negligible in 13 C (<1 ‰; Fry & Sherr 1984) , but more apparent in 15 N (on average 3.4 ± 1.1 ‰; Minagawa & Wada 1984 , Owens 1987 . Because of this difference, δ 13 C is usually used to identify the food source, while δ 15 N is used to identify the trophic level. When there is an ambiguity among isotopic values of contrasting food sources, isotopic signatures sometimes provide poor resolution. δ 15 N is also useful in identifying the general pathways of organic matter through aquatic food webs, because values in consumers reflect those of their food, after accounting for 2 to 4 ‰ enrichment due to trophic fractionation (Peterson & Fry 1987) .
MATERIALS AND METHODS
Study site. The study was conducted at a Scirpus triqueter bed of the intertidal flats in the Nakdong River estuary, Korea (Fig. 1) . The estuary has a welldeveloped delta and is protected by sand dunes parallel to the coastal line. It has undergone significant change in its environmental conditions since the construction of the Nakdong River Barrier in 1987 (Jang & Kim 2006 ). Although 15.5 km 2 of the mudflat area has been reclaimed since dam construction, physical alteration of the estuary has resulted in an expansion of sand dunes and intertidal beds. Along with the expanded intertidal bed (about 40 km 2 ), there has been a dramatic change in the dominant macrophyte vegetation over the past 20 yr (Kim 2006) . For example, a Zostera marina bed, which covered about 13 km 2 of the estuary, vanished, and only small patches of about 0.6 km 2 remain. Phragmites australis (Cav.) Trin. ex Steud., which was the most dominant vegetation in the estuary (covering ca. 11 km 2 ), now covers about 1 km 2 of the upper part of the intertidal flats. Currently, the most dominant vascular vegetation is S. triqueter, which covers about 5.2 km 2 of the intertidal flats (present study). The tidal marsh is regularly flooded twice a day, with a maximum tidal amplitude of 1.7 m during spring tides. While mixing and circulation processes in the estuary were dominated by tidal currents prior to dam construction, these processes were greatly altered by the artificial control of the fresh river water discharge after its construction (Jang & Kim 2006) . River runoff volume is highly variable according to the opening and closing of the floodgate of the barrage, but maximum discharge coincides with the summer monsoon. Freshwater runoff causes a drastic decrease in salinity, excess nutrient input and increase in suspended matter, which results in changes in phytoplankton composition and a large decrease in primary productivity of phytoplankton in the estuarine area (Yang et al. 2001 (Fig. 1) , the sediments of which consisted of muddy sand (sand > 80%). A sampling site for suspended particulate organic matter of river water (river POM) and riparian vegetation was located approximately 10 km upstream of the Nakdong River Barrier. Channel POM was collected at 2 main channel sites during flood tides, to ensure the sampling of incoming estuarine water.
Density and biomass of Scirpus triqueter were monitored from October 2004 to December 2005. At each sampling site, 3 replicate samples were collected to 50 cm depth of sediment (maximum depth of generation of tubers) using a 0.5 m quadrate. After returning to the laboratory, shoots were counted. Each organ was separated, carefully cleaned and dried at 60°C for 72 h, and the above-and below-ground biomasses were measured. A series of pooled samples of the separate parts was also prepared to analyze the isotopic composition. Macroalgae, where present, and riparian vegetation were collected by hand and carefully cleaned to remove epibionts.
Microphytobenthos were sampled by scraping the visible mats of benthic diatoms on the sediment surface at a marsh site and a neighboring intertidal flat site. A pure sample of benthic diatoms was separated through a procedure slightly modified from the technique of Couch (1989) . A more detailed description of the procedure for the extraction of microphytobenthos is given elsewhere (Riera et al. 1999 , Wainright et al. 2000 . Microphytobenthos biomass was estimated by analyzing surface sediments (the top 5 mm) for chlorophyll a (chl a) using high-performance liquid chromatography (HPLC). Five replicate cores were collected at each sampling location at low tide. Samples were stored on ice and kept in the dark until being returned to the lab- oratory, where they were frozen. Freeze-dried sediment samples were weighed (approximately 1 g) and then were extracted with 100% acetone (10 ml) for 24 h in the dark (-20°C), sonicated for 5 min and centrifuged at 3000 rpm (3293 × g) for 15 min. The extracts were then filtered through a 0.20 µm Teflon filter and put in an autosampler. The subsequent HPLC techniques are described elsewhere (Kang et al. 2006) . Freeze-dried sediments from the core samples were acidified with 1 N HCl until bubbling stopped, to remove carbonates; they were then dried at 60°C for 72 h without rinsing and ground again in order to determine the isotopic composition of the first centimeter of sedimentary organic matter (SOM).
Benthic macroinvertebrates for isotope analysis were collected by hand or by sieving of sediments from a rectangular can corer (0.025 m 2 ). Invertebrates were kept alive overnight at the laboratory in filtered water from the sampling site to evacuate gut contents. Only muscle tissues of live and intact organisms were collected, to minimize contamination with other material, and were frozen immediately.
River and channel POM for isotopic analysis were collected by filtering a known volume (about 20 l) of water, which was prefiltered through a 100 µm sieve, to remove large particles and zooplankton, onto prewashed and precombusted (450°C for 4 h) Whatman GF/F filters (0.70 µm nominal pore size). The POM samples were acid soaked with several drops of 1 N HCl, rinsed with distilled water and then kept frozen until later analysis. All POM, floral and faunal samples were freeze dried and ground into a fine powder with a mortar and pestle.
Stable isotope analysis. The carbon and nitrogen isotopic compositions of the powdered samples were determined using a continuous-flow isotope ratio mass spectrometer (CF-IRMS, Micromass Isoprime) coupled with an elemental analyzer (Eurovector 3000 Series). For isotope analysis, 0.5 to 1.5 g of samples were transferred into small tin capsules. Samples wrapped in tin capsules were oxidized at high temperature (1030°C) in the elemental analyzer. Stable isotope data for the resultant CO 2 and N 2 were expressed as the relative difference between ratios of the sample and conventional standard gases (Pee Dee Belemnite, PDB, for carbon and atmospheric N 2 for nitrogen). Delta (δ) notation is used to express these relative differences:
where X is 13 C or 15 N and R is the 13 C/ 12 C or 15 N/ 14 N. A secondary standard of known relation to the international standard was used as a reference material. Analytical precision was approximately 0.1 and 0.2 ‰ for δ 13 C and δ 15 N, respectively. All statistical analyses were performed using SPSS software. Because all the data did not significantly deviate from a normal distribution (Shapiro-Wilk test, p < 0.05), no prior transformation of the data was performed. Multivariate analysis of variance (MANOVA) was used within the framework of a general linear model to test for differences in dual isotope signatures (δ 13 C and δ 15 N) among all species within food source groupings and functional feeding groups of consumers. Wilk's lambda was used to evaluate the results. Where there was a significant difference (p < 0.05) among mean vectors of variables, 1-way ANOVA was used to make overall comparisons of individual variables among species groupings, and subsequent pair-wise comparisons were conducted with Tukey's HSD (honestly significant differences) test. Chl a contents in the top 5 mm of the sediments varied from 1.3 to 75.5 mg chl a m -2 (annual mean = 18.8 ± 21.7) and from 1.1 to 65.1 mg chl a m -2 (annual mean = 17.7 ± 18.8) at a marsh site and a neighboring intertidal flat site, respectively (Fig. 3) . There was no significant difference in sediment chl a content between the sites (paired t-test, df = 11, p = 0.338). A significant increase in sediment chl a content was encountered in summer from June to September at both sites (Tukey's HSDtest, p < 0.05).
RESULTS

Seasonal dynamics of
Macrozoobenthic community
Twenty-five taxa were collected at the marsh (Scirpus triqueter) bed of the Nakdong River estuary throughout the sampling period (Table 1 ). The species composition was very similar at both stations. Seven taxa were found almost throughout the study period of 12 mo (Table 2) . Two polychaetous taxa, Heteromastus filiformis (Claparede) and Hediste japonica (Izuka, 1908) , dominated the macrobenthic assemblage, showing a cumulative mean monthly dominance of 71.8 and 74.9% at Sites A and B, respectively. H. japonica was mainly found from May to October, when S. triqueter grew thickly. The gastropod Angustassiminea castanea (Westerlund, 1883) showed a remarkable mean monthly dominance, being constant at both sites. The bivalves Laternula marilina (Reeve, 1863) and Corbicula sp., despite a low mean monthly dominance, were consistently found. A density peak of L. marilina was recorded from June to September. The crab Ilyoplax pusilla (De Haan,1835 ) and the isopod Paranthura sp. were less frequently collected, having a very low mean monthly dominance.
Isotopic signatures of potential food sources
Although the δ 13 C signatures of potential food sources exhibited considerable seasonal variations, their ranges were distinct (Fig. 4) . Dual isotope analysis showed significant differences among the potential food sources (MANOVA, p < 0.001, Fig. 5 ). Marsh vascular plant Scirpus triqueter had the lowest δ 13 C values, ranging from -29.2 to -26.3 ‰, with a mean of -27.9 ± 1.0 ‰. This was comparable with a mean (± SD) of -28.0 ± 1.8 ‰ for riparian vegetation of the Nakdong River. However, a significant difference between these vascular plants was found in their δ 15 N signatures, with means of 10.6 ± 0.6 and 5.9 ± 1.5 ‰, respectively (Tukey's HSD-test, p < 0.05). No significant differences in either isotope between the S. triqueter shoot, tube tissues and detritus were found. The δ 13 C values of S. triqueter in this study were similar to those found in Apalachicola Bay, Florida (Chanton & Lewis 2002 ).
The δ
13 C values of river POM varied between -27.8 and -21.5 ‰, with a mean of -24.5 ± 1.9 ‰, while δ 15 N values ranged from 7.9 to 13.8 ‰, with a mean of 11.6 ± 2.3 ‰ (Fig. 5) . These values were within ranges previously reported in neighboring geographical regions (Yokoyama & Ishihi 2003 , Doi et al. 2005 , Kang et al. 2006 . Channel POM introduced into the marsh tidal flat had a δ 13 C range from -24.1 to -21.4 ‰, with a mean of -23.0 ± 0.7 ‰, and the lowest δ 15 N signatures were between 5.0 and 7.0 ‰, with a mean of 5.7 ± 0.6 ‰. The δ 13 C range of channel POM was similar to that of river POM, but δ 15 N values readily separated estuarine from river POM (Tukey's HSD-test, p < 0.05). Thus, dual isotope analysis enabled us to distinguish more clearly between these 2 sources. Microphytobenthos (mainly benthic diatoms) had the most enriched δ 13 C values among the potential food sources, showing a relatively wide range of -18.8 to -13.4 ‰ and a mean of -16.5 ± 2.1 ‰ (Tukey's HSDtest, p < 0.05; Fig. 5 ). Their δ 15 N values varied between 7.1 and 9.8 ‰, with a mean of 8.7 ± 1.0 ‰. These values for microphytobenthos are consistent with the ranges typical of microphytobenthos in the literature (Couch 1989 , Créach et al. 1997 , Riera et al. 1999 , Wainright et al. 2000 , Kang et al. 2006 .
Isotopic signatures of SOM were located between the potential sources of organic matter, ranging from -24.0 to -18.5 ‰ (mean -22.1 ± 2.0 ‰) and from 7.9 to 10.2 ‰ (mean 8.9 ± 0.8 ‰) for δ 13 C and δ 15 N, respectively (Fig. 5) . Macroalgae covered broad areas of the flat before the Scirpus triqueter shoots appeared, and then disappeared when S. triqueter shoot growth was initiated. Thus, repeated sampling for macroalgae was not continued. The mean δ 13 C and δ 15 N values of macroalgae for the sampling period were -12.3 ± 1.4 and 12.0 ± 0.5 ‰, respectively.
Isotopic signatures of macrozoobenthic invertebrates
Monthly isotopic data for macrobenthic invertebrates displayed statistically significant changes in the δ 13 C values in their tissues (Fig. 6) . However, these changes were not related to the seasonal change in Scirpus triqueter biomass and did not show any marked trend with season. Furthermore, the δ 13 C ranges of each species were very small, and the coefficient of variation was <10% for all the species analyzed (Fig. 6) .
Overall, macrobenthic invertebrate species exhibited a wide range of values, between -26.4 and -13.2 ‰ for δ 13 C and between 7.9 and 13.9 ‰ for δ 15 N (Fig. 7) . Their δ 13 C signatures are found within the range of potential food sources. Except for 2 bivalve species, the δ 13 C signatures of 5 invertebrate species were grouped in, and close to, the range of microphytobenthos, being 9 to 12 ‰ higher than those of Scirpus triqueter. Of the polychaetes, the nereid worm Hediste japonica had a wider δ 13 C range of -20.4 to -14.3 ‰, with a mean of -17.0 ± 1.7 ‰, slightly more positive (Tukey HSD-test, p < 0.05) than the mean of -19.0 ± 0.8 ‰ (range = -19.7 to -17.4 ‰) for the capitellid worm Heteromastus filiformis.
13 C-enriched values, as shown by H. japonica, were found in the gastropod Angustassiminea castanea (range = -17.5 to -13.2 ‰, mean = -16.0 ± 1.5 ‰), the crab Ilyoplax pusilla (range = -17.1 to -14.3 ‰, mean = -15.6 ± 1.0 ‰) and the isopod Paranthura sp. (range = -17.9 to -14.8 ‰, mean = -16.5 ± 1.3 ‰). The δ 15 N values of these 5 species were within the same range, from 9.6 to 13.9 ‰, with mean values of 12.6 ± 1.0, 12.8 ± 0.8, 12.8 ± 0.9, 12.1 ± 1.3 and 12.6 ± 1.4 ‰, respectively (p = 0.149), being generally 3 to 4 ‰ higher than those of microphytobenthos. The most negative δ 13 C values were found in 2 bivalve species, Corbicula sp. (range = -26.4 to -22.1 ‰, mean = -24.4 ± 1.3 ‰) and Laternula marilina (range = -24.4 to -19.8 ‰, mean = -22.5 ± 1.5 ‰). Tukey's HSD-test showed that the mean δ 13 C value of the former was slightly lower than that of the latter (p < 0.05). The δ 15 N values of these 2 bivalves were within the same range, from 8.6 to 12.5 ‰, with means of 10.4 ± 1.4 and 10.1 ± 1.1 ‰, respectively. Their δ 15 N values were 2 to 3 ‰ lower than those of the other invertebrate taxa (Tukey's HSD-test, p < 0.05; Fig. 7 ).
DISCUSSION
Seasonal dynamics of Scirpus triqueter, microphytobenthos and macrobenthos
The marsh halophyte Scirpus triqueter population displayed a dramatic seasonal fluctuation, with a summer maximum in biomass and a winter disappearance (Fig. 2) . Such seasonal dynamics have been observed by different authors for the Nakdong River estuary (Kim 2006) . Along with the withering in fall of the above-ground stems, grazing activity of wintering waterfowl is known to play an important role in determining the seasonal decline of the S. triqueter population. Growth of this marsh plant occurs mostly between April and September, and tubers are formed at the end of the growing season (September and October). Environmental factors that affect the survival and growth of S. triqueter include salinity, tuber density, sediment type and tidal regime (Deegan et al. 2005 , Kim 2006 ). The S. triqueter shoots are severed by waterfowl, such as geese and ducks, in October, and then most of them are swept away by the tides. Rapid reduction of the S. triqueter stem biomass is also partly due to grazing by ducks and mallards (Kim 2006 ). The waterfowl forage mainly on S. triqueter tubers (Doornbos et al. 1986 ); they graze > 60% of the tubers within the first 10 d of their arrival in mid-October. Over 80% of the tubers are distributed at a depth of 15 to 40 cm in the sediment, and most of the tuber biomass at all sediment depths disappears within a month after waterfowl begin to feed (Kim 2006) .
Microphytobenthos biomass observed on a monthly basis during this study exhibited a uni-modal peak in summer (Fig. 3) . Similar seasonal variability was also observed at the bare intertidal flat in neighboring geographical regions, such as Kwangyang Bay (Kang et al. 2006 ) and the Seto Inland Sea (Montani et al. 2003) . These authors concluded that high primary production of microphytobenthos in summer is related to high irradiance, temperature and nutrient input through the river systems. An accumulation of microphytobenthos biomass is known to be associated with the high photosynthetic activity under conditions of high illumination (Médéler et al. 2005) . Limitation for the microphytobenthos biomass on the marsh surface due to shading by macrophytes was expected (Wainright et al. 2000) . However, there was no significant difference in the microphytobenthos biomass between the studied marsh site and the adjacent bare tidal flat site; furthermore, its seasonality exhibited a strikingly similar pattern at both sites, suggesting that the shading effect on the microphytobenthos biomass is not great in this marsh system. In addition, the marsh can be treated as an enormous kinetic energy-absorbing system (Yang 1998) . Therefore, the existence of the marsh macrophytes, within our studied marsh bed, limits the mobility of surface sediments and the resuspension of microphytobenthos. The compositional pattern of algal pigment in the sediments was consistent in both the Scirpus triqueter marsh bed and the bare mudflat, showing the concurrent dominance of fucoxanthin and chl c, marker pigments for diatoms (data not shown). Although high abundances of blue-green algae, euglenoids and green algae were expected (Sullivan & Currin 2000) , their marker pigments (chl b, lutein and zeaxanthin) were detected in much smaller proportions. The most abundant component of the microphytobenthos in this marsh sediment was identified to be motile pinnate diatoms, e.g. the genera Navicula and Amphora (E. J. Choy unpubl. data).
The macrobenthic assemblage in the Scirpus triqueter marsh bed of the Nakdong River estuary displayed relatively lower faunal biodiversity than has been documented for other nearshore and shallow brackish habitats on the Korean peninsula (Koh 2001) . Almost all the collected species are common and frequently abundant inhabitants of the Korean coastal wetlands. Despite the relatively low diversity, monthly total abundance of macrozoobenthos corresponds to the range commonly recorded in the Korean coastal wetlands due to the predominance of a few taxa. This community also includes seasonally abundant insect larvae due to salinity decreases.
The densities of most of the species showed irregular fluctuations, while a few species (e.g. the nereid polychaete Hediste japonica and the bivalve Laternula marilina) had a pronounced seasonal periodicity, with absence in winter and early spring (Table 2) . Such irregular abundances in the former invertebrate assemblages are likely to be supported by opportunistic characteristics of these species exposed to the environmental instability of estuarine habitats (Silva et al. 2006) , such as those of the Nakdong River estuary, where fresh water is irregularly discharged through the barrage (Jang & Kim 2006) . In contrast, the maximum densities of H. japonica and L. marilina, which occurred in late spring to summer, coincided with an increase in the Scirpus triqueter biomass. The available information on the reproductive biology and life history of these species indicates that the observed seasonal fluctuation in their density is expected to be mainly a result of their life cycle. For example, the largest number of mature adults of H. japonica participates in reproductive swarming from December to February (Sato 1999) . Similarly, the recruitment of L. marilina is greatest in April and their growth continues until August in Kwangyang Bay adjacent to the Nakdong River estuary (Kang et al. 2006) . A mass of L. marilina spawns in summer (August and September). Most of the individuals die off immediately after spawning, so density dropped abruptly after September. Therefore, the low densities of these 2 species during winter and early spring in this study are probably due to high mortality just after spawning, as these animals have life spans of <1 yr and die at the end of the reproductive period.
Source and isotopic composition of suspended POM
An inconsistency in isotopic composition between the channel POM and other potential sources (e.g. Scirpus triqueter leaves, river POM and microphytobenthos) probably indicates little contribution of other sources to the POM pool introduced into the marsh bed (Figs. 4 & 5) . The channel POM had intermediate δ 13 C values (mean = -23.0 ± 0.7 ‰) between those of the S. triqueter and microphytobenthos, which would be expected if these sources contributed equally to the POM. However, a dual isotope plot of δ 13 C and δ 15 N indicates that the channel POM is composed largely of 15 N-depleted sources rather than multiple sources. The δ 13 C values of the channel POM in this study were consistent with the range (-23.9 to -21.5 ‰) previously found for phytoplankton in the salt marsh and in mangrove creeks (Dehairs et al. 2000 , Wainright et al. 2000 . This suggests that phytoplankton is the most probable candidate to account for the intermediate δ 13 C and low δ 15 N values. Riparian vegetation showed δ 15 N values similar to, but more negative than, the channel POM, indicating independence between them. A wide gap in the isotopic composition between the river POM and riparian vegetation indicates a low connectivity between organic matters derived from riparian vegetation and the river POM pool, and further confirms little contribution of terrestrial organic matter to the estuarine POM pool. The river POM showed δ 13 C values similar to the channel POM, but much higher δ 15 N values, precluding the importance of the river POM to the channel POM pool. It is well known that anthropogenic dissolved inorganic nitrogen is significantly 15 N-enriched, and this enrichment is reflected in higher δ 15 N signatures in primary producers and animals (Macko & Ostrom 1994 , McClelland et al. 1997 . Therefore, the higher δ 15 N signatures in the river POM could be indicative of a high availability of 15 N-enriched inorganic nitrogen of domestic and industrial origin in the hypereutrophic Nakdong River system (Kim et al. 2000) .
The important role of phytoplankton to the channel POM pool may be explained by several chemical markers of POM determined concurrently during the study period (authors' unpubl. data). The ratio of particulate organic carbon to chl a (C:chl a) was generally 150 or less and C:N mass ratios were 6.8 ± 1.3. According to previous studies, C:chl a < 100 (Zeitzschel 1970) or < 200 (Cifuentes et al. 1988) and C:N around 6 or 8 (Cifuentes et al. 1988 ) have been known to be characteristic of a predominance of newly produced phytoplankton in POM. The C:N values for stem and tuber (including root) of Scirpus triqueter were 45.5 ± 16.3 and 39.3 ± 5.2, respectively, during the study period, indicating a minor contribution of this marsh-derived detritus to the POM pool. Therefore, along with the isotopic composition, the C:chl a < 200 and low C:N values of the channel POM allow us to speculate that there is a dominance of phytoplankton in the estuarine POM pool. Although it is difficult to distinguish between phytoplankton and microphytobenthos on the basis of these ratios, it should be noted that their δ 13 C and δ 15 N values were clearly separated (discussed below).
Utilization of algal source by macroinvertebrates
The δ 13 C and δ 15 N values were clearly differentiated into 2 invertebrate categories (Fig. 7) . Therefore, the 7 dominant invertebrates in the marsh habitat clustered independently of their feeding guilds, indicating a dominant contribution of 2 ultimate sources of organic matter to their diets. One group, including surface grazers and deposit feeders such as polychaetes, gastropods, crab and isopods, had more enriched δ 13 C and δ 15 N values than those of another group that included suspension-feeding bivalves. Furthermore, despite a great seasonal variability in the biomass of the clubrush marsh Scirpus triqueter, the expected seasonal change in the isotopic signatures of macroinvertebrates was not found. A large gap in δ 13 C signature (on average 9 to 12 ‰; Fig. 7) between invertebrates of the former group and the club-rush marsh Scirpus triqueter reveals that 13 C-enriched sources other than S. triqueter-derived carbon contribute mainly to their diets. Two deposit-feeding polychaetes, Hediste japonica and Heteromastus filiformis, had δ 13 C signatures intermediate between those of SOM and microphytobenthos, being 3 to 5 ‰ higher than those of SOM. This enrichment was much higher than the general trophic fractionation factor (within 1 ‰; Fry & Sherr 1984) . In the dual isotope plot (Fig. 7) , marsh SOM is found in the area of the ranges in which a mixture of autochthonous and allochthonous sources is expected to exist. Therefore, the higher δ 13 C signatures, compared to those of SOM, suggest they feed selectively on microphytobenthos, which have the most enriched δ 13 C values encountered in this study. Their δ 15 N values (12.6 ± 1.0 and 12.8 ± 0.8 ‰, respectively) were about 4 ‰ higher than those of microphytobenthos (8.7 ± 1.0 ‰). This corresponds to the general trophic fractionation factor (3.4 ± 1.0 ‰; Minagawa & Wada 1984 , Owens 1987 , confirming the above hypothesis. Indeed, linear mixing model calculations based on mass balance equations using δ 13 C and δ 15 N signatures of 4 sources of organic matter showed that microphytobenthos constitute a major dietary component of H. japonica and H. filiformis (81 to 82 and 54 to 68%, respectively; Table 3 ). Although not great, there was a significant difference in δ 13 C value and thus dependence upon microphytobenthos between 2 polychaetes: H. japonica having δ 13 C values closer to microphytobenthos than H. filiformis. Some of the nereids, such as H. japonica, despite their omnivorous feeding mode, show an opportunistic dietary choice for fresh algal diet produced from local sources (Hsieh et al. 2002) . They are also known to be surfacefeeding omnivores that often move on the sediment surface to capture small prey (Reise 1985) . The capitellid worm H. filiformis is a non-selective deposit feeder, often found in organically enriched sediments; they orient themselves in a head-down position below the surface of the sediment (Clough & Lopez 1993) . Clough & Lopez (1993) showed that this worm utilizes both dissolved and particulate carbon sources stored within anoxic sediments, not bacteriaderived carbon sources. Therefore, the slight difference in δ 13 C values between these 2 polychaete species probably reflects different degrees of selectivity depending on their feeding modes.
δ 13 C signatures of the gastropod Angustassiminea castanea, the crab Ilyoplax pusilla and the isopod Paranthura sp. were most enriched and overlapped with those of microphytobenthos. This provides supportive evidence for their exclusive use of organic matter derived from microphytobenthos. Their δ 15 N values (12.8 ± 0.8, 12.8 ± 0.9 and 12.1 ± 1.3 ‰, respectively) were 3.4 to 4.1 ‰ higher than those of microphytobenthos, also supporting this assimilation. Isotopic mixing model estimates also showed that microphytobenthos were definitely major dietary components for these species, with feasible contributions of 87 to 93, 98 to 99 and 85 to 86%, respectively (Table 3) . Kurata et al. (2001) demonstrated that microalgae, such as phytoplankton and benthic diatoms, in deposited seston are the most important food sources for 2 species of assimineids (Assimininea japonica and Angustassiminea castanea) in salt marshes. A non-selective deposit-feeding gastropod, A. japonica, which is a similar assimineid species to A. castanea, feeds mainly on microphytobenthos at the estuarine marsh flat, where the availability of this source is high (Doi et al. 2005) . By contrast, the crab I. pusilla scrapes organic material from the surface of sediment particles and feeds selectively on microphytobenthos, even in the marsh area, where the availability of this source is relatively low due to the decrease in algal productivity by shading of marsh plants. Details of the feeding habits of Paranthura sp. are not available in the literature. Although most isopods are scavengers and carnivores, and some are herbivores, deposit feeding is common (Barnes 1987) . Alteration of epiphytic algal biomass by mesograzers (herbivores < 2.5 cm), including crabs, amphipods, isopods and polychaete worms, is a well-known phenomenon in intertidal habitats (Ruesink 2000) .
When considering the high availability of microphytobenthos in the Scirpus triqueter marsh bed (sediment chl a content is comparable to the neighboring bare intertidal flat; Fig. 3 ), their easy digestibility and their better food quality (e.g. Newell & Langdon 1986) , the consistency of carbon isotope values between deposit feeders and microphytobenthos within the S. triqueter bed in the Nakdong River estuary is not surprising. The minor nutritional role of S. triqueter to the marsh food web is also likely to be Phillips & Gregg (2003) attributed to a lack of herbivores directly grazing on its stems or tubers, as well as the removal of S. triqueter stems by the tides, and elimination of the tubers by waterfowl foraging.
Two suspension-feeding bivalves, Laternula marilina and Corbicula sp., showed δ 13 C signatures of great similarity to those of the estuarine POM, and their δ 15 N signatures (10.4 ± 1.4 and 10.1 ± 1.1 ‰, respectively) were about 4 ‰ higher relative to this source. Our data indicate that these bivalves use carbon and nitrogen derived from the suspended POM, which is introduced into the marsh bed through the tidal channel. Using the isotopic mixing model, it was also possible to determine a significant contribution of the channel POM to the bivalve diet, with feasible contributions of 78 to 82% for L. marilina and 56 to 67% for Corbicula sp. (Table 3) . It is well known from different salt marsh habitats that resuspended microphytobenthos are an important food source for suspension-feeding bivalves (Page 1997 , Riera et al. 1999 . However, in the marsh habitat of the Nakdong River estuary, benthic microalgae are postulated to play a minor role as a food source for the suspension feeders. Absorption processes of tide-and wind-induced energy by the marsh is likely to explain this phenomenon as already discussed. The resuspension of microphytobenthos is expected to be inactive in the marsh system, due to the attenuation of kinetic energy and the sediment-trapping effect by leaves of the marsh plants (Yang 1998 , also references therein). Our data suggest that limited resuspension of microphytobenthos probably resulted in the heterogeneity in carbon and nitrogen stable isotope values between the suspended POM and microphytobenthos. Although tidally induced resuspension events may occur after the disappearance of the marsh plants in fall, bivalves may become quiescent at low temperatures during winter (Newell 1979) . Bearing the trophic fractionation factor of 3.4 ± 1.0 ‰ in δ 15 N in mind, δ 15 N signatures of the bivalves (10.4 ± 1.4 and 10.1 ± 1.1 ‰, respectively, lower than 11.6 ± 2.3 ‰ of the river POM) indicate that the river POM is not wholly absorbed by these species. Fresh river water discharge through the Nakdong River Barrier is concentrated during the summer monsoon period. This event lowers salinities in tidal channels to 0 psu for a few hours (Jang & Kim 2006) . Bivalves tend to close their shells to withstand the stress of low ambient salinities (Newell 1979). δ 15 N values of the estuarine POM were consistent with those of the adjacent offshore phytoplankton (6.2 ± 0.8 ‰; authors' unpubl. data). Accordingly, as speculated for the source and composition of the channel POM, the overall isotope dataset indicates that phytoplankton-derived organic matter is an important food source for suspension-feeding bivalves.
On the other hand, mixing model calculations suggested that 30 to 42% of the diet of Corbicula sp. is derived from Scirpus triqueter (Table 3) . However, causes of the slight shift in δ 13 C values between these bivalve species are not fully explained in this study. This isotopic difference probably results from their slightly different feeding modes. Adults of Corbicula sp. have the association of anterior inhalant currents and pedal-feeding habits that employ the foot for food particle collection (Reid et al. 1992) . Such a feeding habit is distinct from suspension-feeding and depositfeeding modes, involving the posterior inhalant siphon and ctenidial filtration.
CONCLUSIONS
We found no evidence that the Scirpus triqueter effect on the marsh food web was stronger in summer to fall, when its biomass varied from plentiful to scarce, than in the winter to spring period, when S. triqueter on the marsh flat was non-existent. Indeed, a large gap in the δ 13 C signature between S. triqueter and the marsh-dwelling macroinvertebrates was found throughout the year. The reasons for the minor utilization of this marsh plant by animals are possibly because benthic herbivores directly grazing on S. triqueter are absent and S. triqueter detritus is swept away by the tides after being severed by waterfowl. Stable isotope data indicate that river POM was not important in the dietary sources of macroinvertebrates in the S. triqueter marsh bed. These results coincided with a change in the oceanographic conditions from an estuarine-to an oceanic-dominated system since the construction of the Nakdong River Barrier in 1987 (Jang & Kim 2006) . Overall, the isotopic data show that, while benthic feeders used mainly organic matter derived from microphytobenthos, suspension-feeding bivalves utilized mostly suspended POM (composed largely of coastal phytoplankton), despite a slight shift in δ 13 C between bivalves. Our results support the previous idea that the feeding habit (i.e. feeding mode and food selectivity) of macrozoobenthos and the availability of particular food sources to non-selective feeders are essential stimulants to the estuarine food web (Doi et al. 2005) . The trophic importance of microphytobenthos (largely benthic diatoms) and imported phytoplankton has been well established in salt marsh ecosystems that are composed of different types of vegetation (Sullivan & Moncreiff 1990 , Currin et al. 1995 , Créach et al. 1997 , Deegan & Garritt 1997 , Page 1997 , Riera et al. 1999 , Sullivan & Currin 2000 . As demonstrated by these previous studies of salt marshes containing different types of vegetation, our research supports the potential importance of locally produced benthic production, along with phytoplankton, to the nutrition of consumers even in an estuarine salt marsh (S. triqueter) habitat. The role of a high standing stock of S. triqueter as a trophic base for macroinvertebrates within this marsh system was determined to be negligible with the exception of Heteromastus filiformis and Corbicula sp. However, marsh detritus has been known to be of considerable importance to estuarine food webs (Currin et al. 1995 , Stribling & Cornwell 1997 , Wainright et al. 2000 . The fate of a large quantity of S. triqueter biomass transported to adjacent coastal areas in late fall and its role as a carbon source in coastal food webs remains to be assessed.
